This paper investigates the development of anisotropic frictional resistance and mobility as a function of an applied stress in a partially molten aggregate. Shapes of initially spherical melt pockets and cylindrical melt tubules are calculated as a function of the applied stress using a perturbation analysis. The applied stress excites a local flow within the melt units (tubules or pockets) rendering their initially circular average cross-section elliptical. Average aspect ratio of tubule cross-sections predicted by the perturbation analysis is compared with the results from laboratory experiments. The increase in the average aspect ratio is related to an increase in the volume fraction of melt films. A derivation for the effective resistance and mobility tensors as a function of the applied stress is presented. The anisotropy of resistance and mobility increases continuously with the applied stress in a non-linear fashion. In the upper limit, the anisotropy of the mobility tensor can increase by a factor of 10 under an applied stress of 14 MPa.
I N T RO D U C T I O N
In the Earth's interior, magma is transported by percolation through a grain-scale network of melt units of different shapes. Depending on the physical and chemical characteristics of the melt and the mineral matrix, the melt can be dispersed into tubular units along grain edges, isolated pockets or grain boundary films. Of these different units, tubules and films form a network, allowing percolation of magma. Pockets at grain corners, however, do not develop an interconnected network unless joined to each other by films.
Under a hydrostatic condition of stress and in the absence of crystal anisotropy, distribution of a given volume fraction of melt into different units depends primarily on the dihedral angle (Wray 1976; von Bargen & Waff 1986) . Melt tubules are characterized by dihedral angles less than 60
• , while melt pockets subtend larger dihedral angles. Both of these situations are observed in nature frequently. While basaltic melt residing in grain-edge tubules in an olivine-rich matrix subtends a dihedral angle of 34
• (Cooper & Kohlstedt 1982) , aqueous fluid or sulfidic melt in olivine matrix under upper mantle conditions is usually isolated in grain corners in mantle rocks and subtends dihedral angles larger than 60
• (Mibe et al. 1999; Hier-Majumder & Kohlstedt 2006; Hustoft & Kohlstedt 2006) .
The geometry of both melt tubules and pockets, however, can be modied by the application of stress to the partially molten aggregate (Daines & Kohlstedt 1997; Zimmerman et al. 1999; Holtzman et al. 2003; Hier-Majumder et al. 2004; Hier-Majumder & Kohlstedt 2006; Hustoft & Kohlstedt 2006) . During deformation, local stress concentration at grain-grain melt junctions leads to the expulsion of melt from isolated pockets into grain boundary melt films (Hier-Majumder et al. 2004; Hier-Majumder & Kohlstedt 2006) . Deformation experiments in partially molten rocks indicate that the formation of such melt film networks is independent of the dihedral angle (Daines & Kohlstedt 1997; Holtzman et al. 2003; Hier-Majumder & Kohlstedt 2006; Hustoft & Kohlstedt 2006) . Microstructure in the deformed samples from some of these experiments also indicates that expulsion of melt into grain boundary films is reflected as an increase in the average aspect ratio of melt tubules measured in a cross-section (Daines & Kohlstedt 1997) .
Melt geometry, and hence connectivity, greatly influences the frictional resistance. Both the percolating melt and the compacting matrix experience an equal and opposite frictional drag (Drew & Passman 1999; Bercovici et al. 2001) . This frictional drag, M, is related to the effective resistance tensor C, and the melt segregation velocity V by (Lundgren 1972; Happel & Brenner 1983; Drew & Passman 1999; Bercovici et al. 2001 )
When the melt is distributed as isolated pockets within the matrix, the frictional resistance is dominated by the viscosity of the matrix. Since the viscosity of the rocky matrix is several orders of magnitude higher than the melt viscosity, this resistance is extremely high and the melt pockets are rendered immobile over timescales relevant to melt migration. In an interconnected network of tubes or films, however, the resistance is partitioned into the lower viscosity melt. Consequently, frictional resistance is greatly reduced, leading to rapid segregation of melt. The inverse of frictional resistance, mobility, is similar to the permeability, but differs by a factor of inverse melt viscosity. High permeability and/or low melt viscosity, thus, result in high melt mobility.
A natural consequence of the establishment of a melt film network is the development of anisotropic mobility in the aggregate. Creation of high mobility paths leads to melt migration along preferred directions (Daines & Kohlstedt 1997; Hustoft & Kohlstedt 2006) . While the effect of deformation on melt geometry is recognized experimentally, this phenomenon is generally difficult to incorporate in melt migration models. The difficulty arises from the lack of a dynamic microstructural model that links the local stress in a compacting two-phase aggregate to the local frictional resistance in a quantitative manner. As a result, most two-phase flow models rely on a zeroth-order microstructural model of isotropic permeability despite strong deformation of the compacting matrix (McKenzie 1984; Scott & Stevenson 1986; Bercovici et al. 2001; Katz et al. 2006; Takei & Hier-Majumder 2009 ). This paper addresses this issue by providing a relation for frictional resistance and mobility tensors as a function of the stress.
The shape of melt units in deformed aggregates are treated in a statistical average sense. As the magnitude of applied stress increases, melt is expelled from tubules into films along grain boundaries. Individual tubules shrink in volume, preserving their original shape, as melt is expelled into films, whose volume fraction increases with deformation (Hier-Majumder et al. 2004) . Daines & Kohlstedt (1997) demonstrated that the combined tubule-film unit in deformed aggregates, termed 'melt pocket' in their article, displays an increase in its aspect ratio with an increase in the applied stress. The work in this paper models this statistically averaged melt unit, which is either tubular or spherical prior to deformation. The diagrams in Fig. 1 outline the changes in shape of an individual melt unit and the resulting average shape during deformation.
A microstructural model for stress-dependent resistance and mobility tensors is derived from the melt geometry following a number of steps. First, the effective resistance is formulated in terms of volume fractions of the different melt units. Then, a fluid mechanical model is presented, expressing the average shape and aspect ratio of the deformed melt units as a function of stress. These formulations are presented in Section 2. Results for the shape of deformed melt units, comparison with experimental results, and results for effective resistance are presented in Section 3. The relationship between the anisotropy factor and stress and the implications for melt and volatile transport in the Earth are discussed in Section 4. Details of the derivation are presented in two appendices.
F O R M U L AT I O N
This section outlines the steps required to formulate the average frictional resistance of a partially molten aggregate as a function of applied stress, at a given melt fraction. Through the rest of this paper, the overall geometry of the melt will be described in terms of 'melt units'. For the sake of convenience, we will consider three different shapes of melt units: tubules, pockets and films. We also assume that under a hydrostatic condition of stress, the shapes of melt in a unit cell are either tubes or pockets. When an external stress is applied, melt from tubes or pockets are expelled to form melt films. Although the total volume fraction of melt remains constant, the volume fraction of melt in films increases with an increase in the applied stress until all of the melt is distributed in films. Statistically, a continuous transition from tubules to films is manifested as an increase in the average aspect ratio of the tubule cross-sections with an increase in the applied stress (Daines & Kohlstedt 1997) , as depicted in Fig. 1 . Subsection 2.1 outlines the resistance tensor for the individual units and the average resistance of an aggregate containing tubules and films as a function of the aspect ratio of cross-section of the tubule. Subsection 2.2 describes the equations that govern the shape of an average melt unit under an applied stress.
Resistance of the unit cell

Resistance of individual units
Under a hydrostatic condition of stress, the melt is either interconnected by tubules along grain edges or remains isolated in spherical melt pockets. For the former, we treat the matrix as a packed bed of grains and the melt phase as a low viscosity fluid percolating through the interstitial space between the spheres (Lundgren 1972; Happel & Brenner 1983; Drew & Passman 1999) . The isotropic resistance for this condition is given by
where μ m is the melt viscosity, φ is the melt volume fraction, a is the grain size, I is the identity matrix, and = a 3 φ 3 /12 is a constant proportional to the volume of the cell. The resistance of the tubules is thus proportional to the inverse square of the melt volume fraction. For isolated spherical pockets, the picture is reversed. The low viscosity melt pockets are now embedded in a deforming matrix, similar to air bubbles trapped in resin. Following a similar line of argument, the resistance tensor in this case becomes,
where μ g is the viscosity of the matrix and d is the radius of the pocket or the tube. Since the μ g μ m , the resistance for relative translation of the spherical pockets are very high, rendering them practically immobile.
As an increasing stress is applied to the aggregate, melt from cylindrical tubules and pockets start to wet grain boundaries, developing a network of melt films. Statistically, grain boundary wetting Anisotropic mobility 61 is manifested by an increase in the average aspect ratio of a population of melt units (Daines & Kohlstedt 1997) . In the plane of a film, resistance to melt flow is proportional to the viscosity of the melt. Perpendicular to the plane of the film, the resistance is proportional to the matrix viscosity. Thus, the plane of the melt film is a principal plane of resistance. Derivation of this tensorial quantity is provided in Appendix A. In the local Cartesian reference frame, the resistance due to a film in the x − y plane is given by
where the reference resistance C 0 and the resistance enhancement factor β are given by
and
where a is the grain size. Typically, β 1, rendering the resistance in the local z direction extremely high and mobility very low. For example, for matrix and melt viscosities of 10 18 and 1 Pa s, respectively, melt fraction of 0.01, grain size of 1 mm, β is O(10 −14 ) and C 0 is O(10 11 ) Pa s m −2 . Thus, the resistance is significantly enhanced in the local z direction, perpendicular to the plane of the melt film. In laboratory experiments, however, the matrix viscosity is O(10 12 ) Pa s (Daines & Kohlstedt 1997) , rendering β O(10 −8 ), still a negligibly small number.
Effective resistance
In a deformed, initially interconnected, partially molten aggregate, both tubules and films are present within the unit cell. If the volume fraction of melt in tubules and films are given by ξ T and ξ F , respectively, then one can use this information to define the upper and lower bounds on the average resistance of the aggregate as
where C R and C V are the Reuss and Voigt bounds, respectively (Mavko et al. 2003, ch 4.2) . The prefactor of φ ensures that the effective resistance is equal to the resistance of tubules and films at ξ F = 0 and ξ F = φ, respectively. Of the two bounds, the Voigt bound is dominated by the larger of the two resistances while the smaller of the two resistances dominates the Reuss bound. Thus, the Reuss resistance is smaller than the Voigt resistance. One can also invert the tensorial resistance to obtain the mobility of the aggregates. In that case, the definition of the Voigt and Reuss bounds for mobility are reversed in eqs (7) and (8). For consistency, the rest of the paper will continue defining these bounds based on the eqs (7) and (8). Average mobilities will be determined from inverted average resistances. Since percolation of melt is more likely to follow the path of least resistance, the Reuss average, as defined here, is likely closer to the actual effective resistance of an aggregate. An important constraint, in the absence of other melt units, is that the sum of ξ T and ξ F is equal to the total melt volume fraction, φ
To determine the effective resistance as a function of the applied stress, we seek a relation between the applied stress and the volume fraction of melt films, ξ F . In laboratory experiments, upon the application of stress, melt is expelled from tubules into grain boundary films, leading to an increase in the average aspect ratio of the cross-section (Daines & Kohlstedt 1997) . Thus, the volume fraction of films should be a function of the average aspect ratio α, which is unity for circular tubules and tends to infinity for films. Such a function should also satisfy two additional limits, (a) ξ F = 0 when α = 1, and (b) ξ F → φ as α → ∞. The simplest relation that satisfies all of these constraints is given as
This relation assumes that grain boundary films are absent in an undeformed aggregate. The effect of stress is embedded in α. The next subsections develop a model that links the applied external stress to the shape of the melt unit. Once a solution for the shape is obtained as a function of the applied stress, the volume fraction of films can be obtained as a function of the applied stress through eq. (10).
Perturbed shape and flow within melt units
Consider a partially molten aggregate consisting of either tubules or pockets of melt under the hydrostatic condition of stress. The hydrostatic shape of a melt-filled pocket or a tubule is perturbed by a 'resolved strain rate'Ė, arising from a resolved stress. In compressed, partially molten aggregates, melt pockets elongate along the direction of the applied maximum compressive stress. While the applied stress is accommodated by the matrix deformation, the counter flow of melt, required to conserve mass in the two-phase aggregate, is driven by the resolved stress. As a result, the average melt unit is elongated, while the matrix is shortened, in the direction of the applied maximum compressive stress (Daines & Kohlstedt 1997) . The shape of the average melt unit can be described by the shape function F, which is zero at the surface of the melt unit. If the perturbation is small, then the shape function F of an initially spherical or cylindrical melt unit of radius d can be written as (Hier-Majumder 2008; Hier-Majumder & Abbott 2010) ,
where f is an unknown function arising from deformation of the pocket or the tubule, and the coefficient of deformation, 1, is a constant. The variable r is the radial distance from the centre of the pocket or tubule. The perturbed component, f , needs to be determined for a deforming pocket.
The perturbation analysis is built on a set of governing equations and boundary conditions. Treating the melt unit and the viscous matrix as two separate phases, we require that mass and momentum are conserved within each phase. At the matrix-melt interface, the normal components of the velocities are prescribed to be equal. The normal component of traction jump at the melt-grain interface is balanced by surface tension times the curvature, a condition known as the Laplace condition (Leal 1992; Bercovici et al. 2001; Hier-Majumder 2008; Hier-Majumder & Abbott 2010) . Since the curvature of the melt-grain interface depends on the unknown shape function, once the normal traction is obtained through the known velocity and pressure fields, the Laplace condition can be used to determine the shape of the deformed melt unit.
The solution for the perturbed velocity in two and three dimensions are obtained using the method of vector harmonics (Leal 62 S. Hier-Majumder 1992, ch 4) . The solution building technique is outlined in Appendix B. Similar perturbation schemes were also reported in two recent works, where solutions were built in the absence of an applied stress, using Lamb's solution method (Hier-Majumder 2008; Hier-Majumder & Abbott 2010) . In these works, the Marangoni condition, the tangential component of the traction jump, instead of the Laplace condition, was used to determine the shape of the grain. Here, we assume that the surface tension remains constant along the surface of the melt unit (unlike a grain in contact with other grains and melt), thus Marangoni effect becomes less important in the present case.
The governing equations are non-dimensionalized following Leal (1992) 
where σ 0 is the applied stress and μ i is the viscosity of the ith phase (i = g for the grain and m for the melt unit) and asterisks identify the dimensionless variables. Throughout the rest of the paper, asterisks are dropped from the dimensionless variables. The pressures, velocities and stresses associated with this perturbed flow are expressed as p i , u i , and τ i , respectively. The non-dimensional equations for mass and momentum conservation and the Laplace condition, after dropping the asterisks, become
where λ = μ m /μ g , is the ratio of melt to grain viscosity andr is the unit normal to the undeformed surface. Note that λ defined here is the reciprocal of λ reported in Hier-Majumder (2008) and Hier-Majumder & Abbott (2010) . The non-dimensional capillary number, Ca, is defined as
Using σ 0 = 1-10 MPa, d = 1-100 μm and γ = 1 J m −2 (Cooper & Kohlstedt 1982) , we obtain a range of Ca = 1-1000, which is likely to occur under mantle conditions. The characteristic diameter of melt units varies between a few microns (Hier-Majumder & Kohlstedt 2006) in isolated pockets to a hundred microns in coalesced bands (Holtzman et al. 2003) .
Once the solution for velocities and pressures are obtained by solving eqs (13) and (14), the remaining partial differential eq. (15) can be solved to obtain the shape perturbation f . Next, we calculate the aspect ratio of the deformed melt unit (tubule or pocket) from the shape function in eq. (11). The aspect ratio, α, is then substituted to find the volume fraction of melt films in eq. (10), assuming a constant total melt volume fraction. Knowing the volume fraction of films, ξ F , we calculate the effective resistance tensor as a function of the state of stress. In the analysis, only linear terms are retained in the definition of the aspect ratio. This restriction, however, is relaxed while calculating the volume fraction of melt films, ξ F , from α using eq. (10), since the constraint ξ F → φ as Ca → ∞ must be satisfied. In the following section, results for the perturbed velocity, pressure, and shapes for melt units are presented.
R E S U LT S
Perturbed flow and deformed melt units
In this section, we present the solution for the velocity field within the melt unit and the deformed shape of the melt unit for an initially spherical pocket and an initially cylindrical melt tubule. The method of solution construction for the velocity and pressure fields, as well as the solution for the perturbed shape of the melt unit, are presented in Appendix B. The following subsections highlight the results from the analytical solutions.
Spherical pocket
The method of construction of solution for the spherical pocket is given in Appendix B. The velocity fields within the matrix and the melt, satisfying the continuity of normal velocity at the melt grain-interface, are driven by the strain-rate tensorĖ
where r is the position vector in the local coordinates. The quantitẏ E: r r in eq. (18) is the scalar product of the strain rate tensor and the dyad r r and the quantity r ·Ė· r in eq. (17) is the normal component of the tensorĖ. The solution for the perturbed shape f of the melt unit is obtained by solving eq. (15),
Thus, in the limit of small deformation, the complete shape F of the melt unit is described as
We assume a compressive stress is applied parallel to the local z direction, while the x and y directions are under tensile stress, as depicted in Fig. 1 . Under such an applied stress, grain boundaries perpendicular to x and y directions are under tensile stress. As a result, the resolved strain rate within the melt pocket stretches the pocket parallel to the z direction and shortens it along both x and y directions, as displayed in Fig. 1 . The strain rate deviatorĖ, corresponding to the resolved stress, can be expressed as,
We also express the unit position vectorr as,
whereî,ĵ andk are unit Cartesian vectors in the x, y, and z directions, respectively. InsertingĖ into eq. (20), we obtain,
The 3-D solution in eq. (23) reflects the shape of a deformed melt pocket. The aspect ratio of the deformed pocket α pocket , assuming λ → 0, from eq. (23), is given by,
In comparing the aspect ratios of the deformed melt units with the experimental results and in calculating anisotropy factors, only O( ) terms are retained in the aspect ratio of deformed pockets and tubules. In calculating the volume fraction of melt films, however, the terms were not linearized in , since that would violate the restriction ξ F → φ as Ca → ∞.
Cylindrical tubule
For a cylindrical tubule, one only needs to consider the shape change in the cross-section perpendicular to the length of the tube. For simplicity, this plane is assumed to be parallel to the x − y plane in the Cartesian coordinates. The applied strain rate and the resolved strain rate tensors in this case are given bẏ
As indicated in Appendix B, a pure shear flow is prescribed within the grain, which excites velocity and pressure fields u m and p m within the melt expressed in the Cartesian frame as,
Solving for the shape of the deformed tubule, we obtain,
Assuming λ → 0, the aspect ratio α tubule between the major and the minor axes of the deformed cross-section of the tubule is given by
The shape of an undeformed tubule cross-section is compared with the shape of a deformed tubule in Fig. 2 . The perturbed pressure p m is depicted in the colour map in Fig. 2(a) . Velocity of the melt within the pocket is depicted by the arrows in Fig. 2(b) . The magnitude of the velocity increases from zero as the colour of the arrows change from black to red. The low pressure near the vertical ends of the elongated tubule forces melt to flow into these regions. This result is qualitatively similar to the prediction of the fixed geometry model of Hier-Majumder et al. (2004) .
Comparison with experimental work
The aspect ratios of deformed melt pockets and tubules calculated from eqs (24) and (29) are comparable with experimental results of Daines & Kohlstedt (1997) . They performed a series of triaxial creep tests on an olivine-basalt aggregate. After deformation, each sample was cut parallel to the axis of maximum compressive stress. In the cross-section, maximum and minimum average lengths of melt units were measured. Similar measurements were also made in undeformed samples. The results indicate that in deformed samples, melt units were elongated along the direction of principal compressive stress. As the applied stress level was increased, the extent of elongation continued to increase due to expulsion of melt into grain boundaries parallel to the direction of maximum compressive stress. Deformed samples developed a shape fabric such that the area of elongated melt pockets, with the elongation direction subparallel to the axis of compressive stress increased with increasing stress. The reverse was true for the area of melt pockets oriented perpendicular to the axis of compressive stress. While other parameters such as grain size introduce additional uncertainties in the experimental results, the ratio of the square root of the maximum to the minimum melt pocket area in table 3 of Daines & Kohlstedt (1997) is directly comparable to the aspect ratio from this calculation. The parameter in eq. (20) was varied to fit the experimental data. The solution for melt shape provided in eq. (20) can thus be validated against experimental observation.
Aspect ratios of both deformed, melt-filled pockets and tubules predicted by eqs (24) and (29), are plotted in Fig. 3 as a function of Ca, for a best fit value of = 3.5 × 10 −3 . Aspect ratios calculated (24) and (29), respectively. Aspect ratio from the work of Daines & Kohlstedt (1997) was calculated by taking square root of the ratio of the areas in their table 3. A melt pocket size of 1 μm and a surface tension of 1 J m −2 was used to calculate the Ca from the experimental measurement of stress.
from table 3 of Daines & Kohlstedt (1997) are also overlain on the plot. While both tubules and pockets deform under an applied strain rate, under the experimental condition of Daines & Kohlstedt (1997) , the melt geometry is described more appropriately by meltfilled tubules. An initially tubular melt geometry is also a more appropriate description of upper mantle minerals and basaltic melts. The match between the analytical solution and the experimental measurements indicate that the perturbation solution is valid within the range of Ca explored in the experiments.
D I S C U S S I O N
Development of anisotropy in average resistance and mobility
This section demonstrates the influence of applied stress on the development of anisotropy in the resistance and mobility. To evaluate the effective resistance, the aspect ratio of a deformed tubule, in eq. (29) was used in eq. (10), which was then applied in the definition of the averages. The bounds on the resistance and mobility are described as,
where K V and K R are the mobility tensors derived from Voigt and Reuss averaged resistances. The applied stress, σ 0 , enters the expression through the capillary number, Ca, as defined in eq. (16). The definitions of the bounds on the resistances in eqs (30) and (31) obey the following fundamental relations. In the absence of an applied stress (Ca = 0)
also based on eq. (29), as Ca → ∞, α → ∞, we have
The relative volume fraction of the melt films and tubules are plotted as function of the non-dimensional capillary number Ca in Fig. 4(a) . The crossover capillary number, at which the melt is equally distributed between films and tubules, is marked by a circle on the plot. This capillary number of ∼250 marks a transition from mostly tubule dominated to mostly film dominated melt distribution in the deformed aggregates. The formula for the average resistance can be used to identify the extent of anisotropy generated by transfer of melt from tubules to films. We define the resistance anisotropy factor C * as the ratio between the x and z components of the resistance tensor, and its inverse, mobility anisotropy factor, K * . The plot in Fig. 4 (b) depicts the variation in K * , determined from the Reuss average, as a function of the volume fraction of melt films. In the absence of melt films, K * = 1, while K * = 1/β when ξ F = φ. Since the Reuss average is taken on the frictional resistance, it represents the upper bound on its inverse, mobility. As more melt partitions into films, the anisotropic mobility increases continually. The increase in anisotropy is approximately an order of magnitude until almost 80 per cent of the melt partitions into the films. Beyond this point, anisotropy increases more sharply with an increase in the fraction of melt films. An important consequence of this result is that melt flux in nature can be increased by up to an order of magnitude without extensive melt band formation.
Given the relationship between ξ F and Ca through the aspect ratio of tubular cross-section, we can express the anisotropy factor, defined from the Reuss bound, in two alternative forms, as a function of ξ F and as a function of Ca. These relations are expressed in the following way,
In the absence of melt films (ξ F = 0), C * = K * = 1, as one would expect in an isotropic aggregate. The plot in Figs 5(a) and (b) demonstrate the variation in the anisotropic resistance factor C * and the anisotropic mobility factor K * as a function of applied stress. The anisotropy factor varies sharply with an increase in dimensional stress. The dimensional stress was calculated from the capillary number by using γ = 1 J m −2 and d = 50 μm. According to Fig. 5(b) , application of 14 MPa stress can enhance the anisotropy in melt mobility by an order of magnitude. For the same pressure gradient, melt flux will also experience an order of magnitude enhancement along the high mobility paths. Since we use the Reuss bound on the resistance, this estimate is an upper bound on the development of anisotropy of mobility. If the average resistance is higher than the Reuss bound, a lesser extent of anisotropy will develop during deformation.
Implications for melt and volatile transport in the mantle
Deformation of melt pockets and tubules into melt films bears two important implications for melt transport in the upper mantle. First, establishment of an anisotropic melt network leads to segregation of melt along high mobility paths. Secondly, in the absence of a nominally interconnected network, deformation of initially spherical pockets into melt films, leads to the formation of an anisotropic melt network.
An interesting example of anisotropic mobility is encountered in the mid-oceanic ridge environment, where a substantial amount of melt is focused over a relatively narrow region. A few previous works explored the dynamics of melt segregation beneath the ridges employing a two-phase flow formulation with an inherently isotropic permeability (Spiegelman & McKenzie 1987; Sparks & Parmentier 1992) . While the dynamic pressure beneath spreading ridges can likely focus melt towards the ridge axis (Spiegelman & McKenzie 1987) , the efficiency of such a mechanism is restricted to small length scales, for realistic mantle viscosities. This issue can be partially resolved by the presence of the impermeable oceanic crust, which guides a subhorizontal melt flux towards the axis (Sparks & Parmentier 1992) . In addition to an impermeable cap, enhancement of mobility due to the relatively large stresses associated with the mantle flow can also flux melt towards the mid-oceanic ridge axis. As indicated in the plot in Fig. 5(b) , stresses in the order of 14 MPa can enhance melt focusing by an order of magnitude. Future twophase flow models incorporating anisotropic resistance will provide great insight into melt production and emplacement beneath midoceanic ridges.
The high dihedral angle between an aqueous melt and olivine matrix precludes the presence of an interconnected network at shallow depths in a subduction zone (Mibe et al. 1999) . With an increase in the hydrostatic pressure, the dihedral angle decreases continually, until it decreases below 60
• at depths exceeding 150 km (Mibe et al. 1999; Hier-Majumder & Kohlstedt 2006) . However, deformation can lead to the formation of interconnected melt films in such aggregates (Hier-Majumder & Kohlstedt 2006) . As indicated in the derivation in Appendix A, frictional resistance decreases by several orders of magnitude along the plane of such melt films. An important consequence of the establishment of such melt films will be transport of aqueous fluid-rich melts away from the subducting slabs at depth shallower than that predicted by the dihedral angle. If active, the mechanism of development of melt rich paths will lead to an enhanced volatile circulation beneath subduction zones and will likely control the location of volcanic arcs.
C O N C L U S I O N S
Upon deformation, the average aspect ratio of melt tubule crosssections increases continually with an applied stress. As the aspect ratio increases, so does the volume fraction of melt films. Both mobility and frictional resistance become progressively anisotropic with the application of stress. The anisotropy in these tensors display a sharp variation with the applied stress.
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A P P E N D I X A : R E S I S TA N C E O F A M E LT F I L M
Consider a melt film of thickness 2h, along the x − y plane of the local reference frame, as shown in Fig. A1 . The velocity profile across the layer is given by planar flow within two fixed boundaries,
where G is the layer-parallel pressure gradient. The average layerparallel velocityū m in this layer is,
Assuming the melt transport takes place parallel to the films, the average melt velocity within the film is simply related to the segregation velocity v by,
where φ is the melt volume fraction. For the unit cell displayed in Fig. A1 , the melt volume fraction is equal to the volume of two half sheets divided by the volume of the cube, or 
